It is shown theoretically that the ground state of a new class of non-Kekulé polymethine molecules can be a triplet state with non-degenerate singly occupied MOs. The investigated polymethine cyanine cations, polymethine oxonol anions, and neutral polymethine merocyanines are derivatives of the stable 2-azaphenalenyl radical whose pentamethine fragment is part of the polymethine chain.
Introduction
The organic molecular systems with triplet ground state -triplet diradicals -are usually molecules with π-systems featuring degenerate frontier molecule orbitals (MOs), in particular non-bonding MOs (NBMO).
The presence of NBMOs in alternant non-classical (non-Kekulé) radicals and polyradicals is determined by the topology of the molecule, as it follows from the Coulson-Rushbrooke-Longuet-Higgins theorem (CRLH) [1, 2] and the extended CRLH theorem [3, 4] . Examples are the m-quinodimethane [5] and the stable Schlenk triplet diradicals [6] shown in Scheme 1. Scheme 1. According to the extended CRLH theorem, NBMOs are present even if the π-system is non-alternant, and if the π-centers belonging to the non-starred subset {R • } are heteroatomic [3, 4] . A very important example of a stable monoradical with one NBMO is 2-0932-0776 / 06 / 0200-0182 $ 06.00 c 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Scheme 2. azaphenalenyl radical which has been synthesized by Rubin et al. [7] (Scheme 2).
In the one-electron approximation the condition for the existence of a triplet ground state in a molecule is (see Scheme 3): E(S) − E(T) = ∆E ST > 0 E(S) − E(T) = e 1 − e 2 + I 11 − I 12 − K 12 = ∆e + I 11 − I 12 − K 12 > 0 or ∆e − I 12 > I 11 − K 12 (1)
In eq. (1), I ik and K lm are two-electron Coulomb and exchange integrals, respectively. For the singlet-triplet Scheme 4. gap one obtains (if ∆ e = 0):
Obviously, eq. (1) is satisfied for molecules with degenerate NBMOs (∆ e = 0, and I 12 > I 11 ). It would also be satisfied for some molecules without degenerate frontier MOs if the energy gap ∆ e 1 (if the energy gap tends to zero: ∆ e → 0). A more precise condition for the existence of a triplet ground state in a molecular system must (should) include the electron correlation (see Section 3). Theoretical predictions for molecules without singly occupied degenerate frontier MOs with triplet ground states or very small singlettriplet gaps are given in the refs. [8 -10] . In a recent paper of Wudl et al. [11] it has been shown theoretically that the ground state of large polyacenes corresponds to an open-shell singlet diradical. Experimentally produced hydrocarbons with triplet ground states have been investigated in refs. [12 -14] .
In this paper, which has preliminary character, we consider a special class of non-Kekulé molecules which can have a triplet ground state, namely polymethine molecules with non-degenerate singly occupied MOs.
Structural Principle of the Investigated Non-Kekulé Polymethine Molecules
The molecules with classical polymethine systems (PS) (polymethine dyes) consist of a one-dimensional (1-D) polymethine chain (OPC) with an odd number of methine groups linked by atoms of elements of the groups III, V or VI of the Periodic Table in α and ω positions [15 -17] . The three main groups of 1-D polymethines (streptopolymethines) are the polymethine-streptocyanine cations (PC), the neutral polymethine-streptomerocyanines (PM), and Scheme 5. the polymethine-streptooxonol anions (PO), shown in Scheme 4.
The monoradical OPC is the essential structural fragment within the PSs. A characteristic feature of the OPC is the presence of an NBMO, which follows from the topology of these systems.
The fundamental idea determining the structural principle of this new class of PSs, namely non-Kekulé polymethines (NPM) investigated in the present paper, is related to the polymethine concept of Dähne and Kulpe [18] . In accordance with this conception, the PC, PM and PO follow the "structural principles of unsaturated organic compounds" [18] .
In ref. [19] it has been shown that the OPCs exhibit π-conjugated systems with NBMOs. The structure of these systems can be represented by intramolecular or intermolecular perturbations of the 1-D polymethine chain.
As in the case of classical polymethine systems, the NPMs are also derivatives of OPCs. One structural moiety is the pentamethine chain. However, the pentamethine system is for itself a structural fragment within the 2-azaphenalenyl radical possessing a NBMO. This is shown in Scheme 5.
In Fig. 1 the NPMs investigated in this paper are presented.
The new types of polymethines under consideration are non-Kekulé π-electron systems, because no classi- cal (no Kekulé) formula can be attributed to the molecules as illustrated in Scheme 6.
The NBMO in these NPMs is strictly localized within the 2-azaphenalenyl fragment. This important structural feature follows from the consideration given below. In the case of homonuclear alternate radicals R • the same result was obtained by Dewar [20] .
Let us consider a monoradical R • for which the CRLH theorem or the ECRLH theorem [1 -4] is valid, i. e., R • has one or more NBMOs and is linked to one (or more) subunit(s) M:
The subunit (fragment) M can be a closed-shell or an open-shell π-system. We denote by Φ r and by Φ m the MOs of the separate (non-interacting) fragments R • and M:
and by Φ n the corresponding NBMO (with Φ n |H|Φ n = E(NBMO). According to refs. [1 -4] the NBMO of the radical fragment contains AOs only of the starred basis set {R * }:
In LCMO representation the wave function of the polymethine molecule R • − M is given by:
If the π-center r of R • , which is connected to the π-centers m of M, belongs to the set of the nonstarred atoms {R • } (the MO coefficients are C r µ = 0, Scheme 7), then the matrix elements of the oneelectron Hamiltonian H are given by Φ r(m) |H|Φ n = 0 and the energy matrix of the molecule R • − M has the following block form:
[ 0] NB|H|NB Scheme 7. This means that the NBMO is strictly localized within the radical fragment R • . The subsystem M includes all coefficients C mν (M) = 0. Obviously, the above considerations are valid also for NPMs, i. e., for M − R • − M systems. This is illustrated in Fig. 2 for the structure A-PMM (p = q = 1) shown in Fig. 1 . In the case of the NPMs of type B (the number of the π-centers N in fragments M is even, N = 2n, see Fig. 1 ) the NBMO is occupied, i. e., the NBMO is the HOMO. For NPMs of type A (the number of the π-centers N in M is odd, N = 2n + 1, see Fig. 1 ) the NBMO is vacant, i. e., the NBMO is the LUMO (see Fig. 3 ).
The excitation of NPM molecules is associated with a substantial charge-transfer from the 2-azaphenalenyl fragment R • to the fragments M for NPMs of type B, and from the fragments M to the 2-azaphenalenyl fragment R • for NPMs of type A, In the ground state the total spin density of the 2-azaphenalenyl fragment of type A, PMC (p = q = 1, see Fig. 1 ) is equal to (PPP method [21, 22] Table 1 . Values of the energy differences, ∆ ε(S) (CISD correction of the closed-shell singlet energy), and ∆ ε(T) = 3 E − E 0 (triplet energy minus closed-shell singlet energy) of PMC, PMO, PMCC, and PMCA, type B molecules (p = q = 1, see Fig. 1 and Scheme 9), calculated by means of the PPP-CI method [20 -22] . Two-center atomic Coulomb repulsion integrals were calculated with the approximations of Mataga-Nishimoto (M) [24] , and Ohno (O) [25] , respectively. ∆ ε calc and ∆ ε exp are the calculated (PPP method) and the experimental excitation energies (of the longestwavelength singlet-singlet transition) of the streptopolymethine cyanine and streptopolymethine oxonol, respectively, with 11 methine groups. All values are in eV. 
Methods of Investigations
Because the structural principles of the investigated non-Kekulé polymethine molecules (NPMs) were introduced as a π-electron model, the first numerical results have been obtained in π-electron approximation with the Pariser-Parr-Pople (PPP) method [21 -23] . For our calculations, the configuration interaction includes all the singly and doubly excited configurations in the (5|5) active space. The calculations were carried out using standard parametrization of the resonance integrals [23] . The two-center atomic Coulomb repulsion integrals were estimated using the Mataga-Nishimoto approximation [24] and the Ohno approximation [25] , respectively.
Numerical results were obtained also with the semiempirical AM1-CI method [26 -28] (see Table 3 , AM1-CI/CAS(m,m) method [27] , considering all the excited configurations within the subspace of m occupied MOs and m unoccupied MOs, m = 5 in the case of PMM systems, and m = 6 for PMO and PMC systems, respectively).
Ab initio [29] geometry optimizations and CI calculations were carried out using the 6-31G* standard basis set. The CI includes singly and doubly substituted configurations (frozen-core (CISD)).
Numerical Results and Discussion
In Tables 1 -3 are presented the calculated values of the energy differences, ∆ε(S), as CISD corrections of the closed-shell singlet energy, and ∆ε(T) = 3 E − E 0 , the triplet energy minus the closed-shell singlet energy, Table 2 . Values (in eV) of the energy differences, ∆ ε(S) and ∆ ε(T), for the PMM, type B molecules, with different values of p and q (see Fig. 1 ), calculated by means of the PPP-CI method [20 -22] (see the text in Table 1 ). Twocenter atomic Coulomb repulsion integrals were calculated with the approximations of Mataga-Nishimoto (M) [24] and Ohno (O) [25] , respectively. Table 3 . Calculated values (in eV) of the energy differences, ∆ ε(S) and ∆ ε(T) (see Scheme 9) and the singlet-triplet splitting energies, ∆ E ST , of the PMO and PMM, type A molecules, with different polymethine chain length (p, q, see Fig. 1 ). The results are obtained by means of the AM1-CI method. 
for the investigated molecules. From the data of Table 1 it follows that the ground states of PMC, PMCC, and PMCA, type B, (p(q) ≤ 3, see Fig. 1 and Scheme 9), should be singlets, but a triplet state should be the ground state of PMO, about 0.2 eV below the singlet state.
In Table 2 are summarized the CISD corrections of the lowest-lying singlet and triplet states, respectively, of compounds PMM, type B, with different values of p and q (Scheme 10). For all the PMM molecules the triplet states lie below the closed-shell singlet states, i. e., the ground state is clearly the triplet diradical state.
Values of the correlation correction of the singlet and triplet states, respectively, and the singlet-triplet splittings calculated with the AM1-CI method in Table 3 show that the merocyanines (PMM) and the Table 4 . Calculated values (ab initio method, CISD/6-31G*, in a. u.) of the total energies of the lowest lying singlet (E(S)) and triplet states (E(T)), the singlet-triplet splittings, ∆ E ST = E(S) − E(T) (closed shell singlet state energy -triplet state energy, also in eV) of the NPM, type A molecules, p = q = 0 (see Fig. 1 oxonols (PMO), both of type A, should have triplet ground states. With an increase of the length of the polymethine chain the singlet-triplet splitting increases and the stability of the triplet ground state is increased. In Table 4 the values of the total energies of the lowest lying singlet and triplet states are collected, and the singlet-triplet splitting energies of the type A polymethine cyanines (PMC), polymethine oxonols (PMO), and polymethine merocyanines (PMM) with p = q = 0 (Fig. 1) . The ground state of the polymethine cyanine (PMC, p = q = 0) is a singlet state, but the ground states of the corresponding oxonol (PMO) and merocyanine (PMM) are clearly triplet states with relatively large singlet-triplet splitting energies.
The relative stability of the singlet and triplet ground states of the considered NPMs was also examined at the DFT level of theory using a B3LYP hybrid functional and a 6-31G* basis set. The results (see Table 5 ) The numerical results obtained with different methods lead to the same qualitative conclusions concerning the character of the ground state of the investigated NPMs: For PMC, PMCC, and PMCA (p(q) < 1), the ground state is a closed-shell singlet state. With the number of methine groups (p = q ≥ 0) increasing, the ground state of the PMO molecules also becomes a triplet state. The largest ∆ε(T) values have been calculated for PMM molecule in which the fragments M are of donor-acceptor type (see ref. [32] ).
Investigations are in progress to develop PM derivatives of other radicals, e. g., substituted diphenylmethyl radicals as shown in Scheme 11, or other alternant or quasialternant systems with NBMO. Scheme 
11.

Conclusions
The numerical results presented in this paper characterize potential structures of a new class of nonKekulé polymethine systems (NPM) possessing very low excitation energies and longest-wavelength absorptions in the visible or NIR spectral region. In some cases the ground state is a triplet state with nondegenerate singly occupied MOs. This new type of PSs is a very large class of π-electron systems of which the results have been given only for NPM systems which are derivatives of the 2-azaphenalenyl radical.
